We have studied the temperature dependence of exciton localization dynamics in In x Ga 1−x N epitaxial films ͑x = 0.09͒ by means of optical Kerr-gate time-resolved photoluminescence ͑PL͒ spectral measurements. During 30 ps after 150 fs laser excitation, the PL dynamics is sensitive to the measurement temperature. In the temperature range of 6 -50 K, the PL rise time decreases and the PL peak energy shifts to higher energy with an increase of temperature. At high temperatures above 80 K, the thermal quenching of the PL at shallow localized states occurs. The energy relaxation processes of excitons in localized states of In x Ga 1−x N films are discussed. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2187954͔
Over the past decade, there have been many experimental and theoretical studies on the optical properties of IIInitride semiconductors such as GaN, In x Ga 1−x N, and Al y Ga 1−y N crystals. 1, 2 Since the fabrication of bright In x Ga 1−x N light-emitting diodes, In x Ga 1−x N ternary alloys are the heart material for optical devices in the blue spectral region. 3 In x Ga 1−x N ternary alloys show high photoluminescence ͑PL͒ quantum efficiencies in spite of high threading dislocation defect density. 4 It has been reported that the spatial inhomogeneity of indium composition causes the potential fluctuations and efficient PL in In x Ga 1−x N films is due to the radiative recombination of localized excitons. 5, 6 In addition, unusual temperature dependence of the PL spectrum has been observed in In x Ga 1−x N quantum wells and epitaxial layers: The PL peak energy shows complicated behaviors ͑redshift-blueshift-redshift or blueshift-redshift͒ with an increase of temperature. [7] [8] [9] [10] [11] [12] This unique temperature dependence of the PL spectrum is also considered to be related to the localization and thermal excitation ͑delocalization͒ processes of excitons in In x Ga 1−x N films. Exciton localization in In x Ga 1−x N ternary alloys is one of the most important subjects of fundamental and applied researches. However, the temperature dependence of the localization dynamics of excitons from free state to localized states in In x Ga 1−x N mixed crystals is not clear.
In this letter, we report the PL dynamics of In x Ga 1−x N ͑x = 0.09͒ epitaxial films at different temperatures by means of an optical Kerr-gate method and a wavelength-tunable femtosecond laser system. It is found that the PL dynamics in the picosecond time region is sensitive to the measurement temperature under resonant excitation of the band edge of In x Ga 1−x N. The exciton localization and radiative recombination processes in In x Ga 1−x N will be discussed.
The samples used in this work were fabricated by the metal organic chemical vapor deposition method. 13, 14 The thickness of In x Ga 1−x N epitaxial layers was 90 nm grown on a patterned sapphire substrate with a 5-m GaN buffer layer for the reduction of the nonradiative recombination centers. The x = 0.09 epitaxial film sample was used in this work. 15 Wavelength-tunable femtosecond laser pulses were obtained from an optical parametric amplifier system based on a regenerative amplified mode-locked Ti:sapphire laser. The pulse duration and the repetition rate were ϳ150 fs and 1 kHz, respectively. The laser spot size on the sample surface was carefully measured by a knife-edge method. For time-resolved PL spectrum measurements, an optical Kerrgate method was used with toluene as a Kerr medium in a quartz cell. The time resolution of our system was about 0.7 ps. 16 The PL spectra were measured as a function of the delay time, using a liquid-nitrogen-cooled charged-coupled device ͑CCD͒ with a 50-cm single monochromator. In this PL experiment, the excitation photon energy was set to be ϳ3.136 eV, where the excitation photon energy was approximately resonant with the band-gap energy of the In x Ga 1−x N ͑x = 0.09͒ sample. Under the resonant excitation, the electron temperature just after femtosecond laser excitation is relatively low, and then the PL decay dynamics will be sensitive to the lattice temperature. Figure 1 shows the temperature dependence of optical absorption and time-integrated PL spectra of the In x Ga 1−x N ͑x = 0.09͒ epitaxial film sample under weak 150-fs laser excitation at 1.3 J/cm 2 . The exciton absorption peak and the PL peak in In x Ga 1−x N films are observed at all the measurement temperatures. With an increase of temperature, the PL peak energy slightly shifts to higher energy. At high temperatures above ϳ80 K, the redshift of the PL energy occurs. There is a large Stokes shift between the absorption and PL peaks at all the measurement temperatures. A large Stokes shift suggests that exciton localization occurs in In x Ga 1−x N films even at high temperatures around 150 K: The efficient PL is not observed near the free-exciton energy even at high temperatures. The radiative recombination of excitons dominantly occurs after the energy relaxation into the lowest localized state.
In order to clarify the localization process of excitons from the delocalized state to deep localized states, we have measured the PL dynamics of In x Ga 1−x N films as a function of the lattice temperature. The time-resolved PL spectrum directly reflects the population of excitons in the localized states. Figure 2 shows time-resolved PL spectra of the In x Ga 1−x N film ͑x = 0.09͒ under 230 J/cm 2 excitation at different temperatures. A large and rapid redshift of the PL peak energy is clearly observed during 30 ps after the laser excitation. The picosecond PL dynamics is very sensitive to the measurement temperature.
At 6 K, efficient luminescence appears at 5-10 ps after the laser excitation. With an increase of temperature, the luminescence appears at higher energy spectral region and around the zero time delay. For example, the high-energy and fast PL component clearly appears at 50 K, as shown in the figure. This observation shows that the fast radiative recombination of excitons occurs at shallow localized states.
However, at high temperatures above 80 K, the high-energy and fast PL component disappears. After a large delay time of about 10 ps or more, the PL appears at around the lower localized states. This suggests that at high temperatures the radiative recombination of excitons occurs after the energy relaxation of excitons into deep localized states. Figure 3 shows, in more detail, PL spectra as a function of the delay time at 35 and 150 K at 230 J/cm 2 . At a low temperature of 35 K, a very broad PL appears near the free exciton energy at the 5 ps delay time. With an increase of the delay time, the PL peak energy shifts to lower energy and the PL bandwidth becomes narrower. This behavior can be explained by a picture that radiative excitons relax into the lower energy states and the cooling of the electron temperature occurs during the exciton localization in the band-tail states. There is no significant decrease of the spectrally integrated PL intensity at shallow localized states or at the delay time between 5 and 10 ps.
At a high temperature of 150 K, on the other hand, the PL intensity near the free exciton energy is very weak. The PL intensity increases with a decrease of the energy or with an increase of the delay time: The nonradiative energy relaxation of excitons occurs at shallow localized states and then the efficient radiative recombination of excitons occurs at deep localized states around 3.05 eV. The exciton dynamics at shallow delocalized states is very sensitive to the lattice temperature.
Here, we discuss the temperature dependence of the dynamical PL spectrum in the In x Ga 1−x N film ͑x = 0.09͒. It is believed that the piezoelectric field effect induced by strain does not play a primary role in the observed PL dynamics, because in the In x Ga 1−x N film ͑x = 0.09͒ the PL spectrum and redshift dynamics depend scarcely on the excitation intensity ͑Ref. 6͒ and the redshift time is much shorter than the mean PL lifetime. In semiconductor mixed crystals, the localized states are formed below the edge of the delocalized state. Under the resonant excitation, excitons are generated at the band-edge delocalized state and rapidly relax into localized states. The radiative excitons migrate into lower localized states in the In x Ga 1−x N film. It is considered that the observed dynamical redshift of the PL spectrum is determined by the exciton localization processes. At all measurement temperatures between 6 and 150 K, excitons are localized around the lowest energy states within several tens of picoseconds. However, the localization behavior of excitons at localized states between the free-exciton state and the lowest localized states depends strongly on the lattice temperature, as shown in Figs. 2 and 3 .
With an increase of temperature from 6 to 50 K, the radiative recombination of excitons occurs at shallow localized states and the continuous PL redshift from the freeexciton states into deep localized states is clearly observed. At elevated temperatures, excitons are thermally excited at shallow localized states around the free-exciton state. At the shallow localized states, the overlap between electron and hole wave functions increases. The radiative recombination rate of excitons at shallow localized states is much larger than that at deep localized states. The population change of excitons in shallow localized states causes the high-energy and fast component in the picosecond PL spectrum, as shown in Fig. 2 . Consequently, the radiative excitons at shallow localized state will cause the blueshift of the time-integrated PL spectrum. In fact, the blueshift of the time-integrated PL spectrum occurs with an increase of temperature as shown in Fig. 1 . However, the picosecond PL spectrum is very sensitive to the lattice temperature, compared to the case of the time-integrated PL spectrum.
With a further increase of temperature above 80 K, the PL intensity at shallow localized states decreases as shown in Figs. 2 and 3 . At high temperatures, the thermal dissociation of excitons occurs at shallow localized states, and electrons and holes are thermally excited into the delocalized states. Thermally excited electrons and holes in the delocalized state are relaxed into deep localized states around the lowest localized state nonradiatively, because at high temperatures the nonradiative relaxation rate is usually much larger than that of radiative recombination of excitons at shallow localized states. Therefore, the PL at the shallow localized states becomes very weak at high temperatures, similar to the case of disordered semiconductors. 17 On the other hand, at deep localized states, the thermal dissociation of excitons does not occur. The efficient PL appears at around the lowest localized states after a delay time ͑the relaxation time from the delocalized state to the near-lowest localized state͒. It is concluded that the energy relaxation process of excitons at shallow localized states determines the temperature-dependent PL spectrum and dynamics of In x Ga 1−x N films.
In conclusion, we have studied the PL dynamics of In x Ga 1−x N films as a function of temperature under the resonant excitation near the band edge. The picosecond PL dynamics is very sensitive to the lattice temperature. It is shown that the exciton population at shallow localized states determines the unique temperature-sensitive PL spectrum and dynamics in In x Ga 1−x N films. Femtosecond timeresolved PL spectroscopy is one of the most useful methods for understanding the exciton localization dynamics in GaN-based mixed crystals.
